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A study of the initial stages of crystallization in RF magnetron-sputtered ferrite garnet ﬁlms is reported, in which a series of
ultrathin Bi2Dy1Fe4Ga1O12 layers is fabricated and characterized. The spectral and temperature dependencies of magnetic
circular dichroism (MCD) of these ﬁlms are studied in the temperature range from 300 K down to 8 K. Measured magnetooptical properties are reported in the spectral range between 300 and 600 nm. In ultrathin garnets at temperatures below 160 K,
we found that between 360 and 520 nm, the spectral MCD dependencies were typical of bismuth-substituted garnets with high
levels of gallium dilution in the tetrahedral sublattice. The MCD signal strength measured at its 440 nm peak grows linearly with
reducing temperature between 160 K and 8 K. This observed temperature dependency of MCD diﬀered dramatically from these
measured in thicker (3.7 nm) nanocrystalline garnet ﬁlms. The peak MCD signal at 440 nm in these 3.7 nm-thick samples grows
linearly from 215 K down to 100 K, resembling the same dependency seen in 1.7 nm ﬁlms. In thinnest layers of thickness 0.6 nm,
no MCD signals were observed at any temperature in the range between 8 and 300 K.

1. Introduction
In recent years, there has been a signiﬁcant research interest dedicated to the research ﬁelds related to the engineering and characterization of new-generation functional
materials, in particular the ultrathin ferrite garnet ﬁlms of
thickness between several nanometers to several tens of
nanometers. This is due primarily to the potential advantages of using yttrium-based iron garnets in one of the
fast-developing areas of spintronics, which is related to
the generation of spin-polarized currents in thin platinum
ﬁlms, assisted by the spin waves generated in yttrium iron
garnet (YIG) ﬁlms of nanoscale thickness [1, 2]. Of particular importance is the fact that this material (YIG) possesses record-low losses in the ultra-high-frequency (UHF)

spectral region, having a very small attenuation parameter
α ≈ 3 × 10−5 and ferromagnetic resonance (FMR) linewidth
of less than 0.5 Oe (for monocrystalline YIG and LPEfabricated ﬁlms) at 9 GHz. Thin ﬁlms of ferromagnetic
metals demonstrate attenuation parameters two orders of
magnitude greater compared to those of YIG [3]. It has also
been proposed that the use of ultrathin YIG ﬁlms in spinvalve devices can lead to a signiﬁcant reduction in the
switching currents in these structures [4].
Thin ﬁlms of bismuth-substituted ferrite garnets are
undoubtedly of interest for the design of planar-integrated
magneto-optic (MO) devices and also for designing
waveguide-based MO modulators, nonreciprocal optical
devices, and optical circulators. In planar optical waveguides
made using ﬁlms of bismuth-substituted ferrite garnets of
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high MO quality and narrow FMR linewidth, it is possible
to achieve MO modulator as well as switching functionality
at the working frequencies in the UHF range [5]. Nanocrystalline ﬁlms of ferrite garnets with small attenuation in the
UHF range and high MO quality factors have also been
proposed for use in the engineering of new metamaterial
types in the gigahertz and optical frequency ranges, as well
as for the design of traditional UHF devices, such as bandpass ﬁlters utilizing magnetostatic waves [6].
Signiﬁcant improvements in the MO quality of a range
of magnetron-sputtered bismuth-substituted ferrite garnets
compared to standard nanocrystalline garnet material have been
achieved. Inside these nanocomposite bismuth-substituted
ferrite garnet ﬁlms, quasispherical nanocrystallites of garnets form inside a surrounding material matrix composed
mainly of bismuth oxide. In samples of these nanocomposite ferrite garnets, the MO quality of the material
(deﬁned as Q = 2 × Ф F /α) reaches 50° at the wavelength
of 633 nm. Here, Ф F is the speciﬁc Faraday rotation at
the wavelength of interest, and α is the optical absorption
coeﬃcient at the same wavelength.
In another series of composite (YIG + Bi2O3) material
synthesis experiments, amorphous-phase ﬁlms of thickness
near 500 nm were deposited, in which the excess volumetric
fraction of bismuth oxide was near 20 vol.%. After running
the annealing crystallization process, a nanocomposite
garnet-type material Bi0.5Y2.5Fe5O12 was obtained, in which
the X-ray diﬀraction (XRD) characterization experiments
revealed the presence of bismuth-substituted yttrium iron
garnet crystallites of average size 36 nm, and the crystal lattice
parameter a f ┴ = 12 450 Å. Also, a peak-to-peak FMR linewidth was found to be as low as ΔH pp = 6 1 Oe at 9.77 GHz
[7]. It is well-known that the substitution of one stoichiometric formula unit of Bi into YIG lattice leads to increasing
the material’s lattice parameter by Δa = 0 0829 Å [8].
Based on these data, we can conclude that the lattice parameter
a f ┴ = 12 450 Å corresponds, in undeformed nanocrystallites, to the composition Bi0.5Y2.5Fe5O12, according to the relationship a f = 12 376 Å + 0 5∙0 0829 Å = 12 42 Å, in which the
value of 12.376 Å is the lattice parameter of YIG, and 0.5 is the
bismuth substitution coeﬃcient in formula units.
Moving towards depositing ultrathin garnet ﬁlms of
thickness near 10 nm highlights the necessity of undertaking
new studies of the ﬁne structure inside the transitional layers
existing between the substrate and ﬁlm materials, since the
presence of these layers can change dramatically the magnetic properties of nanoscale ﬁlms compared to these found
in bulk materials or thicker ﬁlm layers.
It has also been observed that in garnet ﬁlms grown by
LPE, the transitional layers have in fact been composed of
two sublayers. The ﬁrst sublayer of thickness 1–5 nm, which
is known as the physical transition layer, represents a physical region of transition in between the substrate and ﬁlm
materials, with its thickness being determined primarily by
the quality of substrate polishing [9, 10]. Above this ﬁrst sublayer of the substrate-to-ﬁlm transition layer, there exists a
technological (epitaxy-related) transition sublayer, the formation of which is due to the special features of the initial
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stage of the liquid-phase epitaxy process: the entry of substrate into the solution-melt without rotating the substrate
during the ﬁrst minute, the switch-on of the substrate
rotation at 60–100 RPM, and the onset of thermodynamic
equilibrium inside the solution-melt lead to the formation
of a technological transitional layer of thickness between 5
and 300 nm depending on the value ΔT s of supercooling
of the solution-melt. This boundary layer is located near
the substrate-ﬁlm interface (stationary boundary layer),
through which the control of the steady-state diﬀusion of
garnet-forming compounds from the bulk of melt-solution
occurs towards the growth surface. The thickness of this
technological transition layer can vary widely, from a few
nanometers (for high growth temperatures in excess of
900°C and small melt supercooling of ΔТ ≈ 2–5°С) to several
hundred nanometers (for growth temperatures near 700°C
and melt supercooling of ΔТ ≈ 100–150°С and above [10]).
The measurements have shown that under the conditions of
high growth temperature and low supercooling ΔT s of the
solution-melt, the Curie temperature of a 5 nm-thick epitaxial
layer forming between the substrate and the main part of
epitaxial layer did not diﬀer from the Curie temperature
of the main part of the epitaxial layer. At the same time,
the measurements provided on 1.0 μm-thick epitaxial garnet layers of composition Bi0.45Sm0.20Tm2.35Fe4.30Ga0.70O12
demonstrated an initial part of the transitional layer of
100 nm thickness having a T c = 225°С, and in the technological transition layers of thickness 200 nm, we observed a
drop in T c from 225°C to 215°C and a drop in the lattice
parameter a f ┴ from 12.420 Å to 12.411 Å for epitaxial ﬁlms
grown at low temperature and at high value of supercooling
ΔT s [10].
From the point of view of the practical applications of
ultrathin garnet ﬁlms, the RF magnetron sputtering process
is most suitable for depositing amorphous-phase ﬁlms onto
GGG substrates, when followed by high-temperature annealing in air atmosphere at 550–650°C (depending on the level
of bismuth substitution). The properties of transitional layers
existing near the ﬁlm-substrate interface represent a deﬁning
factor, which governs the annealing crystallization process,
since the crystallization processes initialize within this transitional region. Bismuth-substituted ferrite garnets also remain
the most perspective MO materials for applications in integrated photonics and magneto-plasmonics.

2. Sample Fabrication Process
A two-stage sample manufacturing methodology has been
used for the preparation of ultrathin iron garnet ﬁlms.
During the ﬁrst stage, amorphous-phase ﬁlms of nominal
stoichiometry Bi2Dy1Fe4Ga1O12 have been deposited onto
GGG substrates using RF magnetron sputtering process.
The ﬁlm thicknesses were 0.6, 1.7, 3.7, 10.3, 50, and 100 nm,
calculated based on the measured time durations of the deposition processes, using constant deposition rate approximation and previously obtained calibration data for the
deposition rate versus the RF power density. Standard
polished- (111) oriented GGG substrates of thickness 0.5 mm
were used, heated to 250°C to improve the ﬁlm adhesion and
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Figure 1: (a) GGG substrate surface relief image and (b) proﬁle of GGG substrate-surface relief measured along a scan line across the area
(3 μm × 3 μm) shown in (a). A scanning step of 3.7 nm was used; the probe tip radius was less than 30 nm.

density. The sputtering deposition processes were run in pure
argon atmosphere at 1 mTorr, at RF power density of 4 W/cm2
at the target surface, which led to a deposition rate close to
4 nm/min. The target-to-substrate distance was 18 cm, and
substrate rotation rate was 30 revolutions per minute.
The X-ray diﬀractometry (XRD) measurements have
revealed that all ﬁlms were amorphous in the phase following
the deposition process. We also tested all samples for the
presence of any magneto-optic activity using Faraday eﬀect
and magnetic circular dichroism measurements in the spectral region between 300 and 800 nm. No signs of magnetooptic activity were detected in any of the amorphous ﬁlm
samples. During the second stage of the sample manufacture
process, high-temperature annealing crystallization processes were run in air atmosphere in an electric oven for
1 h, at temperatures ranging between 550 and 650°C. XRD
characterization experiments conducted with annealed ﬁlm
samples of thickness 50 nm and 100 nm have revealed the
presence of garnet nanocrystallites of average dimensions
near 40 nm.

3. Microstructural Investigation of Ultrathin
Iron Garnet Films
3.1. Surface Topography Studies. Figure 1 shows an AFM
image revealing the surface relief of the GGG substrate
(Figure 1(a)) and the GGG substrate surface relief proﬁle
measured along a linear path across the scan of Figure 1(b).
When fabricating the ultrathin ferrite garnet ﬁlms of nominal
composition Bi2Dy1Fe4Ga1O12, we used the substrates with
identical polishing quality applicable to both substrate sides,
and the data of Figure 1 shows the back side of a substrate
having a 1.7 nm-thick ﬁlm deposited onto its front side.
The following scan parameters were used: semicontact mode
of scanning, scan area of size 3 μm × 3 μm, 750 pixels × 750
pixels (scan step of 4 nm), and using a HA-FM-Pt series cantilever of less than 30 nm nominal tip radius.
An analysis of Figure 1(b) data at high magniﬁcation
allows obtaining a zoom-in proﬁle of the GGG surface relief,

over a scanning interval from 0.9 μm to 1.3 μm. The obtained
data reveals that the substrate surface roughness was rather
small and that the surface relief could be characterized by
roughness features on a scale near 1 nm. Along a 3 μm-long
scan line, we could observe a single 1.6 nm-high columnar
feature and a single pit-like feature of depth 1.2 nm (scan line
started from the zero height and probe starting position, as
shown in Figure 1(b)).
Figure 2(a) shows the surface relief images of an ultrathin (1.7 nm thick) garnet ﬁlm of nominal composition
Bi2Dy1Fe4Ga1O12, fabricated on the same substrate using
RF magnetron sputtering, followed by annealing crystallization process run at 650°C. Figure 2(a) reveals a ﬁlm surface
roughness of around 2 nm and the presence of isolated features of height signiﬁcantly greater than RMS roughness.
Figure 2(b) shows the surface structure details of the same
ﬁlm, obtained from a part of Figure 2(a) scan in the region
without any large roughness outliers present. The analysis
of data shown in Figure 2(b) reveals, in general, that the ﬁlm’s
surface relief is rather similar to that of the GGG substrate.
However, a large number of nanocrystallites of height dimensions up to 5 nm were seen, together with a limited number of
even larger nanocrystallites. Figure 2(c) shows the surface
relief line scan of this 1.7 nm-thick ferrite garnet ﬁlm, where
neither the large nanocrystallites nor the obvious surface
contaminants were present within the scanned path.
The analysis of Figure 2(d) shows a somewhat smaller
surface roughness in this ferrite garnet ﬁlm compared to
GGG substrate. The data shows that surface relief is represented by small-height (near 0.2 nm) typical roughness
features, with base diameter of these features being near
30–50 nm. The height-to-diameter ratio seen in these surface
features is near 0.01-0.02, that is, the deposition of the
1.7 nm-thick ﬁlm did not aﬀect signiﬁcantly the initial roughness of the GGG substrate surface. We can also note a pit-like
structure between 75 and 175 nm of the scan-line coordinates
in Figure 2(d). It is possible that the bottom of this feature
contained an amorphized surface, or a contaminated surface
part, which prohibited the crystallization of the garnet layer.
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Figure 2: (a) AFM surface relief scan of an annealed ultrathin ferrite garnet ﬁlm of nominal composition Bi2Dy1Fe4Ga1O12 and 1.7 nm
thickness, deposited onto a GGG substrate. (b) Partial surface scan data from a ﬂatter part of scan shown in (a). The larger
nanocrystallites’ height reaches 5 nm. (c) Surface relief proﬁle measured along a scanned line in a garnet ﬁlm of nominal composition
Bi2Dy1Fe4Ga1O12 and 1.7 nm thickness and (d) starting 400 nm-long part of the line scan proﬁle shown in (c).

Of special interest is the nature of larger nanocrystallite
features of heights exceeding the nominal ﬁlm thickness,
which can be observed in Figure 2. It is possible that columnar
growth morphology was present within some larger nanocrystallite islands which could have appeared due to adatoms
merging within the growing ultrathin ﬁlm. Details of the
chemical composition and structure of these growth features
within ultrathin garnet ﬁlms remain to be investigated.
3.2. X-Ray Diﬀraction Datasets of Thin Garnet Films of
Nominal Composition Bi2Dy1Fe4Ga1O12. During the studies
of ferrite garnet ﬁlms of diﬀerent composition types deposited onto substrates heated to 300°C, we clearly observed
the X-ray diﬀraction peaks related to the presence of magnetite (Fe3O4). Figure 3 shows XRD datasets for nanocrystalline
ﬁlms of nominal composition Bi2Dy1Fe4Ga1O12 and for several nanocomposite-type ﬁlms containing up to the estimated 49 vol.% of excess cosputtered bismuth oxide. The
crystalline microstructures of the annealed garnet-type thin
ﬁlms were determined by using a detector scan technique
(at the near-grazing incidence source angle) using CuKα1

radiation and covering the 2θ diﬀracted-beam angle range
between 10° and 80°. A software-assisted peak listing option
was used to determine the precise angular positions of the
X-ray diﬀraction peaks and also to ﬁnd the full-width halfmaximum (FWHM) values for each peak. From these experimental data, we were able to calculate the lattice parameter
and the average crystallite size of these garnet thin ﬁlm materials. It is reasonable to conclude that magnetite nanocrystallites formed already during the sputtering deposition process;
this can be conﬁrmed by the presence of Fe3O4-related peaks
in the XRD signal shown in the bottom trace of Figure 3,
which were measured in an amorphous (as-deposited) ﬁlm
on a glass substrate.
At ﬁrst glance, the presence of Fe3O4 diﬀraction peaks in
an amorphous-phase as-deposited sample is diﬃcult to
understand. However, the formation of magnetite nanocrystallites must have happened during the sputtering deposition
process, since the substrate temperature (250°C) was suﬃciently high for Fe3O4 crystallization [11].
It is also possible to assume that during the annealing
crystallization process at 650°C, a partial loss of bismuth
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Figure 3: XRD datasets obtained from nanocrystalline thin garnet ﬁlms of nominal composition Bi2Dy1Fe4Ga1O12 and several
nanocomposite-type ﬁlms containing up to 49 vol.% of excess cosputtered bismuth oxide. All ﬁlms showed diﬀraction peaks characteristic
of Fe3O4 nanocrystallites.

content occurred. This, in turn, results in the formation of
nanocrystallites of the various oxides of iron, for example,
Fe3O4 or Fe2O3. It is logical to expect that during the annealing crystallization, when the temperature is rising, starting
from 250°C, the formation of Fe3O4 nanocrystallites starts.
According to the data of Figure 3, the crystallization of the
garnet phase in thick (near 450 nm thickness) amorphous
ﬁlms of Bi2Dy1Fe4Ga1O12 is achieved across the ﬁlm’s bulk
at 620°C.
Earlier, when studying the ferrite garnet ﬁlms of
Bi2Dy1Fe4Ga1O12 of thickness near 300 nm, we found that
the ﬁlm was composed of nanocrystallites of characteristic
size between 20 and 40 nm, with the average size being
36 nm. Figure 4 shows the nanocrystalline structure of these
garnet ﬁlms. The imaging data were obtained using transmission electron microscopy (TEM). A focused ion beam (FIB)
microscope (FEI XP200, FEI Company, Hillsboro, OR
97124, USA) was used to prepare the samples for TEM examination; a thin gold layer was also deposited onto the surface
of the garnet sample to improve the imaging contrast. The
procedures and the process parameters used to prepare the
samples for TEM experiments together with the information
on the imaging studies are described in [12].

4. Magnetic Circular Dichroism (MCD)
Studies of Ultrathin Iron Garnet Films
4.1. Measurements of MCD Spectra Conducted at Room
Temperature. In this section, the results of an experimental

a

a: upper-bound measurement = 368 nm
b: lower-bound measurement = 283 nm

200 nm

Figure 4: Transmission electron microscopy image of a crystallized
garnet layer of nominal composition Bi2Dy1Fe4Ga1O12 studied and
reported in [12].

study of the spectral dependencies of magnetic circular
dichroism (MCD) in the wavelength range between 300 nm
and 600 nm are reported, conducted with Bi2Dy1Fe4Ga1O12
iron garnet ﬁlms of thicknesses 0.6 nm, 1.7 nm, 3.7 nm,
10.3 nm, and 100 nm at room temperature. MCD is a
magneto-optic phenomenon manifesting as the diﬀerence
in the optical absorption coeﬃcients between the left hand
and the right hand circularly polarized eigenmode constituents of a linearly polarized light wave.
The results obtained showed that the real morphological structure of the ﬁlms was represented by the isolated
or sometimes ingrown (merged) nanocrystallites forming
ﬂat-edged surface bumps of maximum heights not exceeding
two or three nominal ﬁlm thicknesses. The mean diameter of
these surface roughness bumps measured at midheight was
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composition grown on glass substrates did not show (pink square)
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near 100 nm, for the 3.7 nm-thick sample. Measurements of
MCD spectra were performed using a dichrograph instrument (MARK-III by Jobin-Ivon). All room-temperature
measurements were made in the wavelength interval between
300 nm and 800 nm. For ﬁlms of thicknesses 10.3 nm and
50 nm measured at room temperature, MCD spectral dependencies typical of bismuth-substituted iron garnets of this
composition type were seen. The spectral dependency of
MCD signal obtained from a 10.3 nm-thick sample is shown
in Figure 5.
The negative MCD signal peak at 450 nm and the positive
peak at 360 nm are related to the presence of a large concentration of bismuth ions in the structure of ferrite garnet,
which aﬀects dramatically the MO properties of bismuthsubstituted yttrium iron garnet material in the spectral interval between 330 nm and 2000 nm. It is important to note that
the signs of both the Faraday eﬀect and also MCD in the samples studied, across the UV and visible spectral ranges, were
the opposite with respect to these measured typically in
bismuth-substituted yttrium iron garnets. This can be attributed to the fact that, in bismuth-substituted yttrium iron garnets, the garnet’s tetrahedral magnetic sublattice orients
magnetically along the externally applied magnetic ﬁeld,
whereas in the samples studied (bismuth-substituted dysprosium gallium iron garnet), the magnetic moment of the octahedral sublattice orients itself along the external magnetic
ﬁeld. This is related to the strong dilution of the tetrahedral
magnetic sublattice by nonmagnetic gallium ions and to the
presence of a large number of dysprosium ions inside the
dodecahedrical magnetic sublattice.
At ﬁrst glance, the spectral dependencies of the Faraday
eﬀect and MCD measured over the range from 330 nm
to 800 nm are attributed to the fact that the introduction
of bismuth into the iron garnet structure leads to the

appearance of a magneto-optical peculiarities between
330 and 500 nm. More rigorous analysis has shown that
new giant magneto-optical peculiarities near 90 nm in Bisubstituted iron garnets are related to at least four intensive absorption transitions with paramagnetic FR and
MCD and to one transition with diamagnetic dispersion
FR and MCD [13–20].
In reality, the situation is much more complex.
Detailed analysis of the Faraday eﬀect and MCD spectra
measured at low temperatures together with the theoretical
analysis of the MO properties in yttrium iron garnet leads
us to conclude that the two peaks identiﬁed (at 450 nm and
360 nm) are in fact related to several optical transitions
of both the paramagnetic and the diamagnetic type. These
are typically observed in yttrium iron garnets (the transition at λ = 430 nm of oscillator strength f = 2 × 10−3 , the
transition at λ = 390 nm of oscillator strength f = 4 × 10−3 ,
and the transition at λ = 365 nm of oscillator strength
f = 1 × 10−2 ) [14–20].
The origins of these strong absorption bands may be
related to double excitons [14], that is, the transitions where
two Fe3+ ions within the same sublattice or diﬀerent sublattices are simultaneously excited to the spin-quartet levels,
for example,
6A1g 6S → 4T1g 4G + 6A1g 6S → 4T1g 4G

1

Another model of the absorption mechanism for the
spectral range below λ = 450 nm is based on the assumption
that intense absorption bands are related to iron–iron
charge-transfer transitions between the octahedral and tetrahedral pairs, for example,
Fe3+

T2

+ hv → Fe2+

T2g

Fe3+

Eg

+ hv → Fe2+

E

Fe3+

+ hv → Fe2+
Eg

3+

2+

Fe

T2

+ hv → Fe

λ = 433 nm ,

λ = 390 nm ,

T2

λ = 344 nm ,

Eg

λ = 303 nm

2

The oscillator strengths of some of the abovementioned
optical transitions grow by about two orders in magnitude,
when bismuth ions are introduced into the structure of iron
garnet, up to the substitution level of three formula units. It
should be noted here that ﬁlms of the same thickness and
composition grown on glass substrates did not show any
magneto-optic activity in the entire spectral region.
The observed negative sign of the MCD eﬀect near
450 nm reveals that in this thin ﬁlm garnet material, the octahedral magnetic sublattice was orienting itself in the direction of the magnetic ﬁeld applied externally, that is, the ﬁlm
investigated had a so-called compensation point at above
the room temperature. At the optimum measurement conditions, the dichrograph registers reliably a signal of magnitude
5 (a.u.). Realistically, 5 a.u. of signal strength corresponds to
5 mm of space on the data curve recorded at the maximum
sensitivity settings. Adjusting for the sample thickness
10.3 nm, we get 480∙10−6 (a.u.) divided by 10.3 nm or 48
(a.u.)/(1 nm) in arbitrary units per nanometer of sample
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Figure 6: Room-temperature MCD spectra measured in ﬁlms of thicknesses 0.6 nm (pink square) and 3.7 nm (blue diamond) deposited onto
GGG substrates. Dichroghraph sensitivity scale used was 2 × 10−6.

thickness. A series of prior publications have shown that
transitional garnet layers of 4-5 nm thickness did not possess
magneto-optic activity at room temperature. Accounting for
this thickness correction, the strength of MCD signal per unit
(1 nm) of sample thickness will be twice higher for a
10.3 nm-thick sample. We can also conclude from the results
obtained that, for the MO material under study, during the
measurements of MCD at 450 nm wavelength, the dichrograph can register reliably the signal from ﬁlm samples as
thin as only 1 Å, if the ﬁlm possesses magnetic ordering of
iron ions. The only problem is the presence of magnetic
ordering in bismuth-containing ferrite garnet ﬁlms at the
room temperature or at helium temperature.
The observed signs of MCD eﬀect within diﬀerent spectral regions point to the fact that in this thin ﬁlm garnet material, the octahedral magnetic sublattice was orienting itself in
the direction of the magnetic ﬁeld applied externally. The
measurements of the MCD spectra made at room temperature with ﬁlm samples of thicknesses 0.6, 1.7, and 3.7 nm
deposited onto GGG substrates did not exhibit the typical
MCD spectra features characteristic of bismuth-substituted
iron garnets. At the same time, near the signal-detection
limits of dichrograph’s sensitivity, it was possible to identify
the presence of some very weak magneto-optic activity in
the spectral interval between 300 nm and 400 nm. These
measured spectral dependencies are shown in Figure 6.
The maximum MCD signal value at 360 nm reached
24 a.u. for the 0.6 nm-thick sample and 152 a.u. for the
3.7 nm-thick sample, at the sensitivity scale of 1 × 10−6. The
observed MCD signals may be attributed to the presence of
magnetite nanocrystallites, which form as a result of bismuth
ion losses occurring during the deposition process and during
the subsequent high-temperature annealing of ultrathin ﬁlms.

4.2. Measurements of MCD Spectra Conducted at Low
Temperatures. In order to obtain additional information on
the properties of ultrathin ferrite garnet ﬁlms and to study
the structure of any transition layers existing near the
substrate-ﬁlm boundary, as well as the compositional
changes of ﬁlms occurring with increasing thickness, we performed low-temperature spectral MCD measurements
between 300 K and 8 K, for ﬁlms of thicknesses 0.6, 1.7, and
3.7 nm. Measurement results are shown in Figures 7 and 8.
The results of our present study reveal that even in ﬁlms as
thin as these, no complete loss of bismuth content occurs
after annealing the layers at 650°С.
The maximum MCD signal value measured in this sample at 440 nm reached 890 a.u. at the 1∙10−6 sensitivity scale.
The presence of two MCD signal bands with extreme at
440 nm and 390 nm is characteristic of ferrite garnet ﬁlms
with high levels of gallium ion substitution within the iron
ion sites of the tetrahedral sublattice of garnet. In this case,
it can be expected that dilution of the tetrahedral lattice sites
by gallium ions occurs, with these gallium ions supplied from
the substrate composed of gadolinium gallium garnet. The
spectral position of the ﬁrst (long-wavelength) intense
MCD signal peak near 440 nm is characteristic of bismuthsubstituted iron garnets of lattice parameter close to a f =
12 383 Å. With increasing bismuth substitution in a garnet
structure, a red-shifting eﬀect occurs for this MCD signal
band, which in the ﬁlms studied in the present work is near
440 nm. For iron garnets of composition Bi2.8Y0.2Fe5O12,
the long-wave MCD peak is shifted towards 490 nm [21].
The spectral position of this MCD peak remains at 490 nm
for all ﬁlms of thickness between 15 and 160 nm.
The measured MCD spectra of the 1.7 nm-thick sample
for diﬀerent temperatures over the range 8 K to 200 K are
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shown in Figure 8. The signal strength at the peak of the
MCD band at 440 nm reached 278 a.u. at sensitivity scale
1 × 10−6. For the 3.7 nm-thick sample, the main diﬀerence

in MCD spectra was the signiﬁcant reduction in the MCD
strength over the 400 nm signal band compared to the
reduction in the 440 nm band. As was already noted, the
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negative sign of MCD signal in the spectral interval between
370 nm and 550 nm and the observed shapes of spectral
dependencies at temperatures between 150 K and 8 K
(MCD peak locations near 445 and 400 nm) are characteristic
of bismuth-substituted iron garnets in which the iron sites
within the tetrahedral sublattice are diluted heavily with
Ga3+ ions. The fact that in the samples studied the MCD
signal was negative between 375 nm and 550 nm conﬁrms
that the magnetic moment of the octahedral sublattice of
garnet is oriented along the direction of the external magnetic ﬁeld.
At the same time, a diﬀerent explanation is required for
the spectral MCD dependency observed at 200 K. The broad
peak near 400 nm could be related to magnetite (Fe3O4)
nanocrystallites [11]. It is important to note that the shape
of the MCD spectra observed at 150 K and at lower temperatures is characteristic of bismuth-substituted iron garnets. The location of the ﬁrst MCD peak near 440 nm also
points to the fact that the lattice parameter within the
nanocrystallites of the ﬁlms studied was near 12.383 Å.
The available data allows the estimation of the lattice
parameter within the quasi-2D nanocrystallites present
within this 3.7 nm-thick ﬁlm. Proposing that the blocked
state temperature T B = 215 K is close to the Neel temperature, we can expect based on the literature data that the
real composition of ferrite garnet nanocrystallites diﬀers
signiﬁcantly from the nominal composition Bi2Dy1Fe4Ga1O12. Neel temperature near 215 K in gallium-diluted
iron garnets corresponds to the substitution level of the
iron ions by the gallium ions close to 3 formula units [22].
At a nominal thickness of 3.7 nm in this iron garnet ﬁlm,
considering also the presence of an intermediate “dead layer”
of a few nanometer thickness near the GGG substrate interface, the hypothesized high substitution of the iron ions by
gallium within tetrahedral lattice sites appears quite likely.
This can be explained as follows: during the initial stages of
garnet ﬁlm deposition, amorphization of substrate occurs
during Ar+ ion bombardment, to depths between 1 and
2 nm. During the annealing process, as a result of accelerated
diﬀusion within this region, there occurs some compositional
equalization of the ﬁlm’s contents within the amorphization
region, and Ga3+ ion content reaches 2.5 formula units
within this sublayer. This model is supported by the results
of the MO property studies in ultrathin ferrite garnet ﬁlms
of nominal composition Bi2.8Y0.2Fe5O12 and by the ﬁne
structure in transitional layers between the substrate and ﬁlm
which is observed in these ﬁlms [21].
By varying the bismuth and dysprosium contents,
based on the available data, we can estimate the actual composition of the ﬁlm’s material. For the ﬁlm of composition
Bi0.4Dy2.6Fe2Ga3O12, the calculated lattice parameter value is
a f Å = 12, 376 Å + 0 4 ∗ 0 0828 Å + 2 6 ∗ 0 0097 Å
– 3 ∗ 0 0170 Å = 12 383 Å
3
Here, 12.376 Å is the lattice parameter of an iron garnet
material of composition Y3Fe5O12, 0 4 ∗ 0 0828 Å is the

change in the lattice parameter occurring due to introduction
of a 0.4 formula unit of the Bi3+ ion substitution into garnet
structure, 2 6 ∗ 0 0097 Å is the corresponding lattice
parameter change due to introducing 2.6 formula units of
Dy3+ ion, and 3 ∗ 0 0170 Å corresponds to the eﬀect of
Ga3+ ion dilution at 3 formula units. The coeﬃcients used
in the above calculation are taken from [22]. Here, it is
important to note that the spectral location of the longwavelength peak in MCD spectra of bismuth-substituted
ferrite garnets containing from 0.1 to 1.0 formula units
of bismuth substitution is observed to be near 440 nm,
provided that the ﬁlm’s lattice parameter coincides with
the substrate’s lattice parameter of GGG, which equals to
as = 12 383 Å.
Another unusual result follows from the practically
unchanging values of MCD signal when the sample temperature was varied between 100 K and 8 K. Based on the analysis of the data shown in Figure 1(b), we can propose that Neel
temperature of nanocrystalline ferrite garnet ﬁlm of thickness 3.7 nm is near 215 K, if extrapolating the horizontal
section of the temperature dependency graph of MCD
between 100 K and 8 K using a standard temperature
dependency of the speciﬁc Faraday eﬀect, as obtained from
bulk garnet samples. We can also expect that, accounting
for all of the above factors, the actual composition of nanocrystallites present inside the ﬁlm of 3.7 nm thickness, also
accounting for our estimated temperature of magnetic ordering and the location of the ﬁrst MCD peak of bismuthsubstituted iron garnet near 440 nm, has the following
chemistry—Bi1Dy2Fe2.5Ga2.5O12. From the coincident curve
shapes in MCD curves measured at 100, 50, and 8 K, it
follows that the fraction of the ﬁlm’s volume which contributes to the MCD signal at 100 K and below has a constant chemical composition, and its Neel temperature is
near 150 K.
4.3. Temperature Dependencies of MCD Signals at 440 nm.
The most interesting result is found when analyzing the temperature dependency of the MCD signal strength near the
region of 440 nm peak for ﬁlm samples of thicknesses
3.7 nm and 1.7 nm. Figures 9 and 10 show the temperature
dependency of MCD signal strength at 440 nm for 3.7 nm
and 1.7 nm-thick ﬁlm samples.
For the analysis of measured data, it makes sense to
split the curve shown in Figure 5 into two temperature
intervals. The ﬁrst interval is between 8 K and 100 K.
Within this temperature region, the MCD signal strength
at 440 nm is practically unchanged (in reality, it is reduced
by 1.5% with the temperature decreasing from 100 K to
8 K). A reduction in MCD signal within this exact interval
has been observed previously (but notably to a much
greater extent in the MCD signal strength reduction) in
epitaxial-quality ﬁlms of bismuth-substituted iron garnets
grown by LPE [23]. The explanation for this eﬀect, based
on the molecular ﬁeld theory, is given in 23, where a good
agreement was reported between the theory predictions
and experimental data.
At higher temperatures, in between 100 K and 215 K,
linear reduction in the strength of MCD signal is observed.

10

Journal of Nanomaterials
20

3.7 nm-thick film of Bi2Dy1Fe4Ga1O12 on GGG substrate

0
0

50

100

150

200

250

300

−20
MCD signal (a.u.)

−40
−60
−80
−100
−120
−140
−160
−180

Temperature (K)

Figure 9: Temperature dependency of MCD signal strength near 440 nm peak measured in 3.7 nm-thick garnet sample. Dichroghraph
sensitivity scale was 5 × 10−6.
20
0

0

50

100

150

200

250

−20

MCD signal (a.u.)

−40
−60
−80
−100
−120
−140
−160
−180

1.7 nm-thick film of Bi2Dy1Fe4Ga1O12 on GGG substrate
Temperature (K)

Figure 10: Temperature dependency of the MCD signal near 440 nm peak for 1.7 nm-thick ﬁlm. Dichroghraph sensitivity scale was 1 × 10−6.

This region of temperature dependency points to a superparamagnetic behaviour of the object of study, with the blocking
temperature being near 215 K. The appearance of a superparamagnetic region can be explained as follows: for a ﬁlm of
nominal thickness 3.7 nm, one can expect the appearance of
quasi-2D nanocrystallite islands during the annealing crystallization process. These islands will be similar in their
appearance to very ﬂat bumps on the substrate surface. The
studies of surface morphology made with thin garnet ﬁlms
of nominal composition Bi2.8Y0.2Fe5O12 and thickness
between 4 nm and 100 nm using scanning probe microscopy
revealed that for a ﬁlm thickness around 5 nm, ﬂat bumps
appear on the ﬁlm surface, the heights of which exceed the
nominal ﬁlm thickness by several times [21].

Based on the magnitude of the MO eﬀects observed, one
can conclude that for a nominal ﬁlm thickness greater than
12 nm, the ﬁlm had a constant composition Bi2.8Y0.2Fe5O12
throughout the thickness interval from about 12 nm up to
its top-surface boundary. In [21], the maximum ﬁlm thickness studied was 100 nm and the minimum 2.9 nm. Besides,
no anomalies were observed with decreasing temperature,
down to the material’s Neel temperature. Therefore, it is possible to assume that the volume regions in between any
larger-size nanocrystallites were ﬁlled with smaller ones.
The mutual ingrowth between nanocrystallites enabled signiﬁcant exchange coupling between all structural elements
within the ﬁlms. For the 3.7 nm-thick ﬁlm sample studied
in the present work, the nanocrystallite edges overlapped,
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and for the thickness of the magnetic layer near the regions of
overlap between neighboring quasi-2D nanocrystallites being
around several nanometers, at low temperatures, all nanocrystallites together behaved as quasibulk material. At high
temperatures, the system of nanocrystallites of larger size
typically exhibits a superparamagnetic state.
The measured temperature dependency is essentially represented by a straight line, and through data extrapolation,
the calculated blocking temperature is around 160 K. We
believe that for this 1.7 nm-thick ﬁlm sample, the results
obtained can be interpreted as follows: a 1.7 nm-thick (ultrathin) sample comprises an ensemble of quasi-2D nanocrystallites (very ﬂat surface bumps of 3–5 nm height and width
at base between 10 and 100 nm), between the boundaries of
which the exchange interaction is absent. As a result of this,
the sample demonstrated superparamagnetic behaviour over
the entire temperature interval. Since the thermal expansion
coeﬃcients of bismuth-substituted iron garnets exceed those
of GGG substrate by about 10% and since the annealing processes are run at 650°С, at room temperature the nanocrystallites typically experience the state of an in-plane tensile
stretching, hence possessing uniaxial magnetic anisotropy
with a positive constant of uniaxial magnetic anisotropy.
Because of the low-saturated magnetization in iron garnets
of this composition type, the uniaxial magnetic anisotropy
condition K u > 2πM 2s will be satisﬁed.

5. Conclusions
Studies of the magneto-optic properties of ultrathin bismuthsubstituted iron garnet ﬁlms have been performed for the
ﬁrst time for ﬁlms of nominal thicknesses 0.6, 1.7, and
3.7 nm. The ﬁlm samples have been prepared on gadolinium
gallium garnet substrates by RF magnetron sputtering
followed by annealing crystallization at 650°С. At room temperature, the spectral dependencies of magnetic circular
dichroism have been measured in the spectral interval
between 250 nm and 850 nm. At cryogenic temperatures
down to 8 K, MCD dependencies have been measured
between 300 nm and 850 nm. At room temperature in samples of thickness exceeding 5 nm, the MCD spectra typical
of bismuth-substituted iron garnets have been measured.
For ultrathin ﬁlms of thicknesses 0.6, 1.7, and 3.7 nm, no
magneto-optic eﬀects linked to the presence of bismuthsubstituted iron garnet nanocrystallites have been observed
at room temperature. Experimental results have shown that,
at temperatures below 160 K, for a ﬁlm of 1.7 nm thickness,
the observed MCD spectrum is mainly due to the presence
of Bi1Dy2Fe2.5Ga2.5O12 nanocrystallites, whereas over the
temperature range between 100 K and 8 K, the magnetooptic activity typical of Bi1Dy2Fe2.5Ga2.5O12 nanocrystallites
is dominant. The gallium ion content has been estimated,
based on the Neel temperature estimation. The bismuth substitution levels have been estimated based on the magnitudes
of the speciﬁc MCD signal strength obtained from the measurements. Here, it is important to note that the theoretically
calculated lattice parameter for a ﬁlm of a given composition
was a f = 12 390 Å, which is very close to the GGG substrate
lattice parameter (12.383 Å).
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